Abstract: Atrial fibrillation (AF) is a substantial cause of mortality and morbidity in the Western world. It is a massive burden on health care systems, and its prevalence is expected to double over the next 20 years. Trials evaluating antiarrhythmic drugs or catheter ablation have focused on recurrence of arrhythmia, perhaps neglecting outcomes relevant to patients, such as symptoms, need for antiarrhythmic drugs, need for hospitalization, and rates of stroke and death. An association has been demonstrated between sinus rhythm and survival in several studies, and there is evidence emerging that successful catheter ablation may reduce rates of stroke and death. Similarly, dronedarone has been shown to reduce hospitalizations and death in patients with paroxysmal AF or persistent AF of recent onset, although it may cause adverse events in permanent AF. New antiarrhythmic drugs are a welcome addition to the armamentarium, since there are limitations to current antiarrhythmic drugs. In particular, sotalol, flecainide, and propafenone cannot be used safely in those with structural heart disease, and amiodarone has important adverse reactions that limit long-term use. Indeed, the use of conventional antiarrhythmic drugs may negate any survival benefit derived from maintaining sinus rhythm. Although dronedarone appears promising with respect to hard endpoints such as stroke and death in certain patients, it may not be safe for those with heart failure or those with permanent AF. Furthermore, the trials suggesting that dronedarone may impact on these endpoints were compared with placebo rather than with an active comparator group. Further "head-to-head" comparisons between dronedarone and other antiarrhythmic drugs are needed to determine whether this property is unique to dronedarone alone.
Introduction
Atrial fibrillation (AF) is the commonest cardiac arrhythmia, with a prevalence of 1% in the general population. 1 This equates to 2.3 million US adults currently affected, with the number expected to increase to 7.5 million by 2050, due in part to an ageing population. 2 AF is associated with substantial morbidity and mortality from stroke, thromboembolism, and heart failure, and is an independent predictor of increased mortality. 3, 4 The economic burden is enormous, with an estimated annual cost of US$ 26 billion for treating AF and its complications in the US alone. 5 The association between AF and stroke is well recognized, and hence the priority in treating AF is to identify those at high risk of stroke and anticoagulate accordingly. There remains controversy regarding rate control versus rhythm control, but it is now accepted that rhythm control should be adopted for those who are symptomatic despite adequate rate control. However, determining which patients are symptomatic can be difficult because symptoms are often insidious and vague (palpitations, lethargy, shortness of breath, decreased exercise tolerance) and often attributed to ageing. Many patients tolerate and adapt lifestyles to their symptoms, not realizing the full impact of AF until sinus rhythm is restored. In this group, a therapeutic trial of cardioversion may be undertaken to see if symptoms are improved by maintaining sinus rhythm.
Randomized controlled trial data from the AFFIRM (Atrial Fibrillation Follow-up Investigation of Rhythm Management) study suggested no morbidity or mortality benefit of rhythm control over rate control with a strategy involving antiarrhythmic drugs and/or direct current cardioversion. 6, 7 However, subsequent reanalysis did show a significant survival advantage in those maintaining sinus rhythm, but it is unclear whether this relationship is causal or whether sinus rhythm is a marker for some other factors. 8 Catheter ablation is significantly more effective in maintaining sinus rhythm than antiarrhythmic drugs. [9] [10] [11] [12] [13] [14] There is also emerging data suggesting that there may be some mortality benefit of curative catheter ablation, though this requires further prospective evaluation. [15] [16] [17] [18] Recent multicenter registry data also suggests that risk of stroke may be reduced after successful catheter ablation of AF, although the risk-benefit ratio of oral anticoagulation in this setting is still being prospectively evaluated through randomized trials. 16, 19 At present, catheter ablation is reserved for patients who have symptoms refractory to at least one antiarrhythmic drug. The evolution of percutaneous ablation techniques is causing a shift in management trends, with early ablation strategies aiming to halt progression to long-standing persistent or permanent AF. 17, 20 The current medical benchmark of success is arbitrarily set high (recurrence of AF or atrial tachycardia for $30 seconds ± symptoms). 21 Although benchmarks are necessary to compare treatments, they do not necessarily correlate with measures of success from the patient's perspective. For example, those with recurrent arrhythmia after catheter ablation meeting this criterion often have good improvement in their symptoms. 22 For patients, the most important outcomes are symptom improvement, avoiding medication, reduction of stroke risk and death.
At present, antiarrhythmic drugs remain first-line agents in managing AF. Of the agents used, amiodarone is the most closely studied and is also the most effective in maintaining sinus rhythm. 23 Its use is usually restricted to the short-term due to the high incidence of major side effects, and hence there has been a tremendous drive to find a pharmacological alternative. Dronedarone is a novel structural analog of amiodarone which is recommended for rhythm control in AF in both European and US guidelines. 20, 24 In this review, we discuss the evidence for dronedarone and its potential role in treating AF.
Methods
A systematic search of peer-reviewed literature using PubMed, MEDLINE, and the Cochrane Library databases was performed. The main body of text of the manuscript needed to be in English to minimize misinterpretation, and case reports were excluded. The search was performed separately by two independent researchers (OA and CAAC).
The query consisted of "atrial fibrillation", "antiarrhythmic drugs", "anti-dysrhythmic drugs", "catheter ablation", and "dronedarone". Abstracts of the identified articles were read on the basis of this information and eligible articles identified. Subsequently, full-text papers were downloaded or ordered. If a report could not be ordered through local library services, attempts were made to contact the authors. The available reports were read independently by two researchers (OA and CAAC) and classified according to the defined criteria. Efforts were made to filter duplicates; publications from the same institution were checked for the period of data collection. The format of the review was structured and analyses were performed according to the Cochrane guidelines.
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Dronedarone: pharmacology and electrophysiological properties
Dronedarone is a structural analog of amiodarone, but with two important differences, ie, lack of iodine on the benzene ring and a methane sulfonyl group added to the benzofuran ring. The removal of iodine is thought to be responsible for the better side effect profile, with a lower incidence of pulmonary fibrosis, skin photosensitivity, and ocular affects. The other change is thought to decrease lipophilicity, and thereby the markedly shorter half-life (20-40 hours versus 21-47 days) and reduced tissue accumulation. 26, 27 Like amiodarone, dronedarone is a multichannel blocker that inhibits sodium, potassium, and calcium channels. Hence it possesses in vitro electrophysiologic characteristics of all four Singh-Vaughan-Williams classes of antiarrhythmic action. 28 Other effects include negative chronotropy, vasodilatory, antiadrenergic, and blood pressure-lowering properties. 29, 30 Dronedarone is highly absorbed after oral administration in healthy subjects. 26 However, it undergoes significant firstpass metabolism, resulting in low systemic bioavailability, with an absolute bioavailability of 15%. Coadministration submit your manuscript | www.dovepress.com
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with food increases bioavailability by 2-fold to 4-fold. Dronedarone is highly bound to plasma protein, ensuring it is quickly distributed throughout the circulation with a maximum plasma concentration attained within 3-5 hours.
Dronedarone is extensively metabolized, and mainly by the hepatic cytochrome P450 (CYP) system (CYP3A4). Like all drugs metabolized via this route, inhibitors of CYP can lead to reduced metabolism and increased serum concentration of dronedarone. The predominant circulating metabolite is formed by N-debutylation, followed by oxidation and oxidative deamination. The N-debutyl metabolite may contribute to the pharmacologic activity of dronedarone, but it is 3-10 times less potent. The metabolites are excreted primarily in feces (.80%). 31 The long half-life of amiodarone is a result of low clearance and a large volume of distribution. Dronedarone has a much smaller volume of distribution (mean 1440-3440 L), with steady state reached after 4-8 days.
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Clinical trial data Effective dose DAFNE (Dronedarone Atrial FibrillatioN study after Electrical Cardioversion) was a double-blind, randomized, controlled trial which sought to determine the optimum dose required for maintaining sinus rhythm. 32 Patients with persistent AF (n = 270, AF . 72 hours and ,12 months) were randomly allocated to 800, 1200, or 1600 mg daily doses of dronedarone or placebo. Spontaneous cardioversion occurred in only 5.8%-14.8% of patients on dronedarone (with a dosedependent effect) after 5 days (P = 0.026), with the majority undergoing electrical cardioversion. The primary endpoint of time to AF relapse increased on dronedarone 800 mg, with a median of 60 days versus 5.3 days in the placebo group (relative risk reduction of recurrence 55% [95% confidence interval [CI] 28-72, P = 0.001) with no proarrhythmia noted. At higher doses, patients reported gastrointestinal upset, and at 1600 mg QT prolongation was noted (although with no proarrhythmia). There were no thyroid abnormalities in any of the groups.
The subsequent Phase III EURIDIS (EURopean trial In atrial fibrillation patients receiving Dronedarone for the maintenance of Sinus rhythm) and ADONIS (Americanaustralian-african trial with DronedarONe In atrial fibrillation or flutter patients for the maintenance of Sinus rhythm) trials used dronedarone 400 mg dosing twice daily. In EURIDIS, the median time to AF recurrence was 41 days in the placebo group versus 96 days in the dronedarone group. 33 In ADONIS, the median time to AF recurrence was 59 days on placebo and 158 days on dronedarone. 33 In these studies, recurrence of AF was accepted as an episode lasting more than 10 minutes, in contrast with 30 seconds for catheter ablation studies. It is also important to note the selection criteria for both these trials included patients of either gender, age over 21 years, at least one episode of AF in the preceding 3 months, and being in sinus rhythm before randomization for at least one hour. Those deemed to have permanent AF were excluded. Patients previously treated with amiodarone were also enrolled once amiodarone was discontinued.
The post hoc analysis of EURIDIS and ADONIS showed a 27% relative risk reduction in hospitalization for cardiovascular causes and death for patients treated on dronedarone versus placebo. 33 However, standard therapy was allowed in both arms, including rate control agents (beta-blockers, calcium antagonists, and/or digoxin).
Effects on hospitalization
This beneficial effect on survival was demonstrated again in ATHENA (A placebo-controlled, double-blind, parallel arm Trial to assess the efficacy of dronedarone 400 mg bid for the prevention of cardiovascular Hospitalization or death from any cause in patiENts with Atrial fibrillation/atrial flutter). 30 ATHENA is the largest (n = 4628) single antiarrhythmic drug trial conducted in AF. This trial used cardiovascular hospitalization or death as outcome measures in contrast to recurrence of AF by electrocardiographic criteria. 34 The trial demonstrated that dronedarone reduced a composite of cardiovascular hospitalizations or all-cause death by 24%. For hospitalization because of AF alone, there was a 37% reduction in the dronedarone arm compared with placebo. This benefit was consistent across all subgroups, including those patients who remained in AF. The ventricular rate response during AF was reduced by 10-15 beats per minute on those taking dronedarone. However, ATHENA also compared dronedarone with placebo rather than an active comparator group. Therefore, it is perhaps not surprising that patients were better rate-controlled and presented to hospital less often requiring treatment. This has led some to conclude simply that medical treatment of AF reduces this composite endpoint.
This effect on ventricular rate was confirmed in ERATO (Dronedarone for the control of ventricular rate in permanent atrial fibrillation: The Efficacy and safety of dRonedArone for The cOntrol of ventricular rate during atrial fibrillation) study). 35 Furthermore, ERATO demonstrated sustained incremental rate control at rest and during exercise by dronedarone in patients with permanent AF treated with standard rate-controlling drugs. The safety profile in ERATO was good, with no evidence of proarrhythmia.
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Use in NYHA classification III/IV or recently decompensated heart failure The ANDROMEDA (ANtiarrhythmic trial with DROnedarone in Moderate to severe CHF Evaluating morbidity DecreAse) trial specifically enrolled patients with New York Heart Association (NYHA) functional class III or IV heart failure and recently decompensated heart failure. 36 This trial ran at a similar time to ATHENA. In contrast with earlier trials demonstrating a mortality benefit and a good safety profile, ANDROMEDA showed worse mortality in the dronedaronetreated arm (13.8% versus 8%; hazard ratio 2.13). This trial was not designed to study patients with AF, but a mortality benefit of dronedarone in patients with heart failure (only 25% of patients had AF at randomization). The trial was stopped prematurely after an interim safety analysis revealed an excess of deaths in the dronedarone-treated arm. The risk of death was greatest in patients with severely impaired left ventricular function. The adverse outcomes were thought to be due in part to more frequent discontinuation of angiotensin receptor blockers or angiotensin-converting enzyme inhibitors, which were stopped due to a rise in creatinine levels, interpreted as worsening renal function. These rises in creatinine are in fact thought to be due to the inhibitory effects of renal tubular excretion of creatinine, which are well established and known not to affect glomerular filtration rate. 37 Although the aim of ANDROMEDA was to determine favorable outcomes in patients on dronedarone compared with placebo for those with moderate to severe cardiac failure, the low number of patients with AF (25%) may have contributed to the lack of efficacy, because the antiarrhythmic properties of dronedarone may not offer any benefit to patients without AF.
Use in permanent AF
PALLAS (the Permanent Atrial fibriLLAtion Study using dronedarone on top of standard therapy) was a randomized, double-blind, placebo-controlled, parallel-group trial which assessed the clinical benefit of dronedarone 400 mg twice daily on top of standard therapy in patients with permanent AF and additional risk factors, and was a large outcome trial intended to evaluate the effectiveness of dronedarone in reducing major vascular events or death in patients with permanent AF. 38 The first coprimary outcome was stroke, myocardial infarction, systemic embolism, or death from cardiovascular causes. The second coprimary outcome was unplanned hospitalization for a cardiovascular cause or death. The trial was stopped early due to safety reasons during an interim data analysis. The dronedarone-treated arm had increased rates of heart failure, stroke, and death (21 in the dronedarone arm versus 10 in the placebo).
Amiodarone versus dronedarone
In DIONYSOS [randomized double blind trial to evaluate the efficacy and safety of dronedarone (400 mg BID) versus amiodarone (600 mg daily for 28 days, then 200 mg daily thereafter) for at least 6 months for the maintenance of sinus 
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Dovepress rhythm in patients with atrial fibrillation (AF)], 504 patients were randomized to dronedarone (n = 249) or amiodarone (n = 255) for a minimum of 6 months. 39 The primary composite endpoint (recurrence of AF, including unsuccessful direct current cardioversion or premature study discontinuation) was 75.1% (dronedarone) and 58.8% (amiodarone) at 12 months (hazard ratio 1.59; 95% CI 1.28-1.98; P , 0.0001). This was largely driven by AF recurrence with dronedarone compared with amiodarone (63.5% versus 42.0%). AF recurrence after successful cardioversion was 36.5% with dronedarone and 24.3% with amiodarone. Premature drug discontinuation was less frequent with dronedarone (10.4% versus 13.3%). The authors concluded that dronedarone was less effective than amiodarone in preventing AF recurrence after direct current cardioversion, but had a better safety profile and a lack of interaction with oral anticoagulants.
A meta-analysis of the aforementioned trials and four placebo-controlled amiodarone trials confirmed the findings of inferior dronedarone efficacy and a better safety profile.
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Roles and guidelines
Based on the evidence, the US Food and Drug Administration (FDA) has licensed dronedarone for use in paroxysmal or persistent AF and atrial flutter with associated cardiovascular risk factors (age . 70 years, hypertension, diabetes, prior stroke, left atrial diameter $ 50 mm, or left ventricular ejection fraction , 40%) in patients who are in sinus rhythm or who will be cardioverted. The recommendation is aimed at reducing hospitalizations. Due to the findings of ANDROMEDA, dronedarone is contraindicated in patients with NYHA III or IV heart failure or recent decompensated NYHA II heart failure. Therefore, although dronedarone is intended for patients at high risk of stroke, including those with left ventricular systolic dysfunction, it is contraindicated in those with more than mild heart failure symptoms.
Mostly on the basis of the ATHENA data, the European and US guidelines for AF give dronedarone a class IIa recommendation (level of evidence B) for use in the treatment of nonpermanent AF to reduce hospitalization. Flecainide, propafenone, and sotalol all have restrictions on their use in the context of structural heart disease, so dronedarone has a role in those with structural heart disease but minimal heart failure symptoms (Figure 3) . Although amiodarone has greater efficacy than dronedarone in maintaining sinus For patients with NYHA III/IV heart failure, the options for rhythm control are rather limited. Dronedarone is contraindicated, as is flecainide, propafenone, and sotalol. Some physicians are comfortable prescribing these agents for patients who have an intracardiac device in situ (because they are less vulnerable to death resulting from ventricular arrhythmias), although the safety of this remains uncertain. Options remaining for these patients are to accept AF (ie, to attempt rate control, and if this is inadequate to consider atrioventricular node ablation and biventricular pacing), to take long-term amiodarone, or to consider catheter ablation. Accepting AF is a reasonable option, although many patients remain symptomatic despite adequate rate control. Amiodarone has significant side effects associated with long-term use, and for this reason it is becoming less popular for the treatment of atrial arrhythmias. There are limited data available regarding the safety and efficacy of catheter ablation for AF in the context of heart failure. The available data suggest that it is safe and relatively effective in the medium term, and may improve left ventricular function and heart failure symptoms. [41] [42] [43] [44] [45] However, large-scale, randomized, controlled trials examining long-term efficacy are awaited. Therefore, at the moment, catheter ablation of AF in the context of heart failure is only an option for carefully selected patients at centers with adequate expertise.
Safety concerns about dronedarone and fulminant hepatic failure
The FDA issued a news alert early in 2011 after receiving several case reports of hepatocellular liver injury and hepatic failure in patients treated with dronedarone, including two reports of acute hepatic failure requiring transplantation. 46 The two cases of acute hepatic failure requiring transplantation occurred at 4.5 and 6 months after initiation of dronedarone in patients with previously normal hepatic serum enzymes. Both patients were female, approximately 70 years of age, and with no etiological cause identified. The explanted livers showed evidence of extensive hepatocellular necrosis. The FDA advised caution and serial monitoring of liver function tests. The European Medicines Agency and the Medicines and Healthcare products Regulatory Agency of the UK have followed the FDA. The FDA has made a general recommendation for serial liver function testing, whereas the Medicines and Healthcare products Regulatory Agency of the UK has given specific advice, ie, testing before use, monthly for the first 6 months, at 9 and 12 months, and annually thereafter. 47 If alanine transaminase levels are three times the upper limit of normal, they should be repeated after 48-72 hours, and if they remain elevated, the drug should be discontinued.
Summary
AF is no longer thought of as a benign condition. From a patient perspective, the priorities for management remain symptom improvement, mortality benefit, stroke prevention, and avoidance of medication. Recent evidence suggests early detection and intervention may prevent progression of AF and impact on hard outcomes, such as stroke and death, over the longer term. Given that antiarrhythmic drugs rarely eliminate AF altogether, a reduction in AF burden and therefore symptoms is a reasonable aim. Selection of antiarrhythmic drug is primarily on safety grounds (avoiding proarrhythmia and extracardiac side effects) rather than efficacy. Amiodarone remains the most effective antiarrhythmic drug in maintaining sinus rhythm, although due to its toxicity, many physicians are uncomfortable prescribing it, even in those symptomatic, despite other antiarrhythmic drugs. Amiodarone is now used mostly for limited periods, eg, post cardiac surgery or for very elderly patients.
Dronedarone has better pharmacokinetics, fixed-dosing regimens, outpatient initiation, and an apparently low risk of proarrhythmia, cardiac, and extracardiac toxicity compared with other antiarrhythmic drugs. The European and US guidelines potentially give dronedarone a prominent role in the management of AF. However, many patients may be disappointed by the limited efficacy of dronedarone. Dronedarone is inferior to amiodarone in maintaining sinus rhythm and has efficacy comparable with that of sotalol or flecainide (Figure 3) .
Other antiarrhythmic drugs in development include amiodarone analogs (eg, celivarone) and a class III agent called vernakalant. 48, 49 Vernakalant has recently been approved for use in chemical cardioversion for patients with AF of #7 days' duration and post-cardiac surgical patients with AF # 3 days' duration. 20 Vernakalant preferentially affects atrial ion channels, resulting in increased atrial refractiveness and rate-dependent slowing of atrial contraction, with minimal impact on ventricular repolarization. A head-to-head comparison with intravenous amiodarone showed that vernakalant was markedly superior in restoration of sinus rhythm within 90 minutes (51.7% versus 5.2%; P = 0.0001) and within 4 hours after infusion (54.4% versus 22.6%; P = 0.0001). 50 It has a good safety profile immediately and at 24 hours, with most symptoms (taste alteration, sneezing, paraesthesia, and nausea) being transient and resolving within 5-15 minutes. Vernakalant is known to prolong the QTc interval and is contraindicated in those with uncorrected QT . 440 msec, severe structural heart disease, severe left ventricular systolic dysfunction (ejection fraction # 35%), and an acute coronary syndrome in the last 30 days. The main limitation of vernakalant is that it is only available as an intravenous preparation, and an oral preparation may expand its role to being a "pill-in-the-pocket". Celivarone (SSR149744C) is a noniodinated benzofuran derivative similar to amiodarone and dronedarone. 51, 52 Two Phase II clinical trials compared celivarone with amiodarone and placebo, 53 and the results have been disappointing, in that celivarone was not efficacious in the maintenance of sinus rhythm or in cardioverting patients with AF or atrial flutter. Ranolazine, an inhibitor of abnormal late sodium channels, is licensed for use as an antianginal, has a good safety profile, and at present there is no documented occurrence of proarrhythmia. Observational studies suggest this has potential benefit as a "pill-on-the-pocket" for treating paroxysmal AF.
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